For many years, conventional silicone oils have been used as internal and external lubricants for the processing of plastics. Although these products have produced the desired results in a variety of polymer types and applications, certain problems with handling have prevented their widespread use. To overcome these problems, Dow Corning recently introduced the MB 50 series of silicon masterbatches onto the European market. These are pellets with a 50% content of migrationstable, high-molecular silicon in different plastics such as PP, PE, HIPS, POM, ABS, PA 6 etc.
INTRODUCTION
All masterbatch additives are based on different polymers in order to ensure optimum compatibility with the plastics to which they are to be added. The silicon component is the same for all types (currently 7).
For simple handling and metering, the masterbatches are produced as pellets. To keep any negative effects of the supporting polymer on the sometimes very different plastics to be modified as low as possible, the masterbatches in the MB 50 series are produced with a high silicone content (50%).
The silicone component of the masterbatches in the MB 50 series is different from conventional oils and has considerably better performance characteristics, although it is chemically similar. With the masterbatches in the MB 50 series, the separation of the silicon from the finished part is greatly reduced However, the coefficient of friction is greatly reduced depending upon the amount added. This reduction in the coefficient of friction is found in a wide range of shear rates and is a lot more uniform than it is with conventional silicon oils. Unlike other lubricants and auxiliary agents not based on silicone, the active ingredient is colourless and odourless and approved as suitable for food contact applications. Due to the low amount added, the price/performance ratio of the MB 50 additives is also particularly favourable despite the high cost of the individual additives. The following will concentrate on describing the use of the masterbatch additive MB 50 in polypropylene. It may be assumed that it will have the same effect when used in other plastics. The MB 50 series of silicone masterbatches are just being introduced onto the European market and for this reason, not many reports of practical experiences are available.
TESTS

Raw materials
A comparison was performed on the following materials:
Novolen 1100L, a homopolymer with MFI 7.5 made by BASF as a basic polymer DOW CORNING silicon masterbatch MB 50-001, 50% silicon dispersed in Solvay PH V 001-polypropylene (MFI 11).
Processing
The extrusion compound of the two components was produced on a Betol 20 mm twin-screw extruder with a 3 mm outer die ring with a L/D ratio of 37.5. When it was discovered that this combination was unsatisfactory, all further tests were performed with the Novolen 1100 L at a constant temperature of 190°C.
For the measurements on the Rosand machine, we used dual nozzles with dimensions of 16 mm x 1 mm and 0.25 mm x 1 mm and an input angle of 180°C. These measurements were performed at 190°C and 210°C.
A series of mechanical properties were measured with each additive. The notched impact strength was measured using the Charpy V-notched procedure on a Zwick 5102 pendulum impact tester at room temperature (23°C).
The distance between the support points was 40 mm, the nominal thickness was 4 mm, and the notch was cut with a 60°C angle and finished with a scalpel. The individual notch or crack depths were determined using a microscope.
Tensile strength values were determined in accordance with BS 2782, Part 3, Procedure 320 B using a Houndsfield M series tensometer with an R 100S strain gauge.
The flexural strength measurements were performed in accordance with BS 2782, Part 3, Procedure 335 A, again using a Houndsfield tensometer with an adjusting mechanism with a distance between supports of 64 mm. The test pieces were generally tensile strength test pieces with a parallel length of 60 mm.
To measure the differences in friction, a slide and a guideway were specially built to supplement the Hounsfield and friction measurements performed on the test plates produced on the Negri Bossi machine under different stresses.
The gloss values were determined separately on similar test plates using a Rhopoint machine.
In order to observe any changes in T m (melt temperature)
or T c (crystallisation temperature), DSC measurements were performed with a Perkin-Elmer DSC 7 machine equipped with heating-cooling-heating cycles (with the option of cyclic heating and cooling) up to a peak temperature of 240°C. Raster electron microscopy (REM) and optical microscopy were also used to determine any differences in the sperolith size.
RESULTS
The following results relate to silicon masterbatch MB 50-001, which has a 50% content of a special high-molecular silicone.
This means that whenever a silicon content of 0.2%, for example, is specified, 0.4% of the silicon masterbatch MB 50-001 was used in the test.
Extrusion
The first project phase involved the production of a series with increasing silicone contents, which was used to characterise its impact on extrudability and as a starting point for all subsequent investigations.
Four quantity stages were defined: 0.2%, 1%, 5% and 10%. The lowest silicone content corresponds to the content found to be best in practice for an internal lubricant or auxiliary agent. 1% and 5% are the lower and upper limits of the range recommended for use as a surface modifier. Although 10% represented a completely unrealistic amount of additive, it was nevertheless included in the test in order to provide as wide a range of data as possible. Table 1 shows the results obtained under normal operating conditions. It is interesting to note that although, as expected, the output rate increases as the amount of silicone increases, the current intensity and the pressure are lowest with 0.2% silicone, but with further additions, these values show the same tendency as the output rate.
The feed into the extruder was kept as high as possible (flooding) so that the output rate values are a clear measure of the improvement in the rheological properties of the siliconcontaining end product.
It was to be expected that the current intensity and the pressure would increase in line with the output rate. In this case, with a silicone content of 0.2% combined with a 20% reduction in the power consumption, the output rate remained the same. With a silicone content of 1%, a 19% increase in the output rate only entailed a 10% increase in the power consumption.
Injection moulding
During the tensile strength and impact strength tests with injection moulding, the weight of the moulded parts was measured over a injection pressure range of 55-70 bar, dwell time of 6-20 seconds and melting temperature of 180°C -230°C and as a rule the weight of the individual parts was highest with the longer holding times and lower temperatures and the silicone content evidently played no significant role.
As the spiral mould test is the main means of measuring the impact of silicone on the rate of injection, this parameter was not measured or optimised during various injection moulding tests. The results of the spiral moulding test showed that the greatest increase in the spiral length of 31% at 180°C and 23% at 260°C occurs with a silicone content of 0.2%, corresponding to an increase in the injection temperature of 50°C.
Just as a minimum value for current intensity and pressure with a 0.2% silicone content was observed in the extrusion tests, the results obtained for higher silicone quantities in the spiral test are less impressive. So far, there is no explanation of this phenomenon, which has also been encountered in other rheological investigations (Fig. 1) .
The results obtained with the spiral mould have been confirmed in various industrial applications of the silicone masterbatches, for example with an increase in the rate of injection of 22% for a part made of LDPE, 30% for a part made of PP and 53% for a part made of PET
Rheological measurements
As explained above, in the first tests with the Brabender Plasticorder, we used a type of polypropylene with an MFI of 16.5 and no significant difference in the torque was observed. As no oxidation inhibitor was used, as expected, at higher temperatures the polymer became discoloured.
We then used a polymer with MFI = 7.5. As in the tests with the spiral mould, the greatest improvement was identified with a silicone content of 0.2%. With this silicone content, the peak torque is 25% lower than it is in polymers with no silicone before the complete melting of the polymer and 40% lower after the point of equilibrium has been reached. The 25% reduction in the peak torque is in close correlation with the 20% reduction in power consumption observed in the extrusion tests.
The reduction in torque corresponds to reduced power consumption during extrusion and injection moulding. At this same time, this makes it possible to process compounds modified with fillers with the same energy consumption as unfilled or unmodified compounds. This applies to both high filler contents in polyolefins and to the use of high-performance polymers with problematic processing parameters. A Rosand capillary rheometer was used to measure the shear stress and the apparent shear viscosity of polypropylene and a compound with silicone at 190°C and 210°C.
The resulting data were then used to calculate the extensional viscosity. All five specimens displayed the normal shear behaviour, with the silicone leading to slight reductions in stress and viscosity. At 80%, the reduction in the extensional viscosity was very pronounced at 190°C. As before, the greatest reduction was with a silicone content of 0.2%. As expected, the reduction was less at 210°C.
The results produced with extrusion and injection moulding may be transferred to fibre and film extrusion. 
Mechanical properties
Measurements of the tensile, bending and impact strength did not reveal any significant impairment of the PP with additives compared to the '0' specimens, there was neither a deterioration nor an improvement, which was not expected. The results of the tensile strength measurements are summarised in Table 2 .
As the breaking strength and the elongation at break are determined by the type and place of fracture, the results obtained here are inaccurate and should be ignored. Although the yield stress and yield strain, which are measured more accurately, fall slightly as the silicone content is increased, the reduction is only critical with an economically unfeasible high amount of silicone. The maximum yield strain value is found with a 0.2% silicon content.
The incorporation of silicone encourages plastic deformation and with higher silicone contents, deformation takes place instead of a sharp fracture. The measured values for the notched impact strength show the same tendency. The fracture energy was plotted against the multiplier of the cross-sectional area and the rigidity factor. The gradient of the curve obtained in this way was use to calculate the fracture energy by means of regression analysis (Table 3) .
It was not possible to differentiate between the thermoforming conditions. The only significant factor was the notch size. Although under 2.5 mm there was no change with an increasing silicone content, with higher notch lengths a general increase in the impact strength was observed. A characteristic result was plastic deformation instead of a sharp fracture.
Due to the scatter in the values for the modulus of elasticity and bending stress, these are the least satisfactory results for the properties measured. Both values undergo a general reduction as the silicone content is increased which unlike the tensile stress and impact strength measurements was to be expected due to the increased plastic deformation (Table 4) .
From a general point of view, these tests show that at high silicone levels, the mechanical properties are slightly impaired. This phenomenon is less pronounced at lower processing temperatures. 
Surface tests
Friction measurements were complicated by the relatively large strain gauge and the roughness of the surface plane of the Hounsfield device. Nevertheless, we did obtain a few measured values, which are shown in Table 5 . These results reveal a slow reduction in the coefficients of friction. The impact could not be clearly identified with polypropylene. With other polymers, such as ABS for example, additions of silicone of from 1 to 2% achieved much greater reductions in the coefficients of friction. Other tests revealed that the silicone used in the masterbatches is superior to conventional silicone oils with regard to the reduction in both the static and dynamic component of the friction. While the static component is slightly higher than that with PTFE, the dynamic component is not only less but continues to fall as the pressure increases. Up to now, this drop in the performance of PTFE at higher operating pressures has been compensated by combining with silicone oils. The silicone masterbatches described here provide much better performance in plastics in a pressurespeed test when compared to conventional silicone oils.
Unlike silicone-free polypropylene, with which the dynamic coefficient of friction increases until the test pieces fuse together, a polypropylene modified with 3% silicone undergoes a steady reduction of the coefficients of friction over a wide shear range.
Unfortunately, no conclusions may be drawn from gloss measurements as small and fine scratches in or transverse to the direction of flow produced extremely different measured values.
Differential scanning calorimetry
The addition of silicon masterbatches appears to have no impact on the melting point or crystallisation point, which could be understood as meaning that there is no impact on nucleation. On the contrary, a significant reduction in melting enthalpy and crystallisation temperature has been determined, particularly with the addition of high quantities.
The form and degree of this reduction, particularly in the case of the crystallisation temperature, is comparable with the reduction in the yield stress. The reduction in the heat required for a status change at least partially explains the transition from a sudden clean fracture to plastic deformation observed with tensile and impact stress (Table 6 ).
